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ABSTRACT 


A  senlcoziductor  device  cooidex,  consisting  of  a  dlode>translstor 
combination,  that  effectively  coiiQieneates  for  noznal  transistor  gain 
variations  as  a  function  of  tegQ>erature  has  been  developed  under 
Signal  Corps  Contract  DA  3^-039  SC-872T6,  HofAnan  Electronics  Corpor¬ 
ation.  Cils  device  has  the  characteristics  of  the  normal  transistor, 
except  that  in  the  range  of  O^C  to  70°C  the  h-g  changes  by  less  than 
10^.  Ihe  couqplex  device  Is  In  a  single  transistor  package  and  may  be 
treated  circuit-vise  e«  If  it  vere  an  ordinary  NFN  silicon  transistor. 

In  this  report  a  direct  coitqparison  is  isade  between  the  new  device 
and  an  electronically  similar  connercially  available  transistor.  In 
addition,  a  single  technique  called  a-slope  analysis  is  presented  that 
gives  a  method  of  pinpointing  the  dominant  leakage  effects  in  both 
planar  and  mesa  transistors  and  to  idiat  extent  these  effects  occur. 
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A  METHOD  OF  BASIC  TEMPERATURE  COMFENSATIQIT  IN  TRANSISTORS 


UTERODOCTION 

The  problem  of  the  variation  of  a  transistor's  parameters  vlth  tempera¬ 
ture  has  long  been  a  serious  one  for  circuit  designers  azid  has  led.  to  ex¬ 
tensive  circuit  manipulations  in  an  atten^tt  to  reduce  the  effects  of  these 
variations  on  a  system's  performance.  Because  of  this,  a  contract  vas 
awarded  to  the  K>flhan  Electronics  Corporation^  to  study  this  problem.  The 
specific  objectives  of  this  contract  were: 

1.  to  make  a  thorou^d^  study  of  the  problem  of  designing  a  teoqpera- 
ture  insensitive  transistor. 

2.  to  fabricate  practical  transistors  that  would  have  less  than 
10  percent  current-gain  variation  between  (PC  and  70^0. 

This  report  is  an  evaluation  of  the  experimental  transistor  models  that 
were  submitted  at  the  end  of  the  contract  to  support  the  theory  developed 
under  the  contract. 


DISCUSSICSI 


One  of  the  major  contributions  of  this  contract  was  the  develoiment  of 
a  sloQtle  analytical  tool  called  m-slope  analysis.  With  this  analyticcd 
technique  it  was  possible  to  pinpoint  which  leakage  effects  were  diomixuait 
in  both  a  double-diffused  mesa  and  a  plansur  transistor. 

For  a  complete  understanding  of  this  analytical  technique  the  follow¬ 
ing  derivation  is  offered. 


M-slone  Analysis 


The  original  starting  point  of  this  analysis  was  the  Webster 
equation  for  dc  current  gain.  During  the  course  of  the  contract,  two 
additional  terms  were  added  to  the  Webster  equation  which  accounted  for 
the  effects  of  emitter  space-charge  recombination  and  surface  leakage.  The 
complete  expression  for  the  current  gain  of  a  transistor  was  shown  to  be: 


^  -  r/  jji  i  1 

Y'FE  Js  yg  y^FEySP  \^feJb  \^fe  /l 


surface  term 


emitter  efficiency  term 
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space  charge  recombination  term 


bulk  recombination  term 

Cutler-Bath 
surface  leakage  tern. 


Equation  (l)  can  also  be  expressed  eis 

—  =  (^b)s  ^  (Ib)e  ^  (Ib)sP  ^  (^b)b  (2) 

^FE 

\diere  • 

Iq  =  collector  current 

(lB)i  =  current  components  due  to  the  various  effects 
(i  =  S,  E,  SP,  B,  L). 


Ihe  collector  current  Iq  and  the  various  base  current  components 
(lB)i  depend  on  the  dimensionless  qtumtity.  V, 
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where 


-  Ag  exp  Y  +[^  -  Ag  exp  -  ]!y. 
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(13) 

(14) 

(15) 

(16) 

(17) 


Ihe  total  base  current  Is 


(Ij)  tot^  .[(Ib)^  *  (Ib)^  ♦  (Ib)bb  »  (Ib)b  *  (Ib)b]  •  (“) 

3y  substituting  equations  (5),  (7),  (9),  (ll),  (13)  in  equation 
(l8),  the  foUovlng  equation  is  attained: 

(I3)  total  «  ["(Ag  +  A3  +  A5)  exp  V  +  (Aj^  +  Ag)  e:q?  “ 

*-  +AY-A3exp-v"I 


or 
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(Ip) 


B'total  »  ^  I  +  B3  exp  V 

-  Ag  exp  -  1] 


^diere  %  “  Ag 

B3  »  Ag  +  A3  +  A^  . 

Equation  (20)  can  be  expressed  by  an  equation  of  the  fona 


^^B^total 


h^l 


(19) 

(20) 
(21) 

(22) 


\diere  the  value  of  n  is  related  to  the  particular  mechanism  contributlxig 
to  the  base  current  in  the  voltage  range  under  consideration. 


*  Derivation  of  this  equation  can  be  found  in  the  3rd  Quarterly 
Report,  Signal  Corps  Contract  DA  36-039,  SC-87276, 

HofAnan  Electronics  Corporation,  pp.  2-17. 
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(23) 


« 


!Qierefore, 

> 

*  %  e»p  2  »  %  exp  ^  +  B3  exp  V 

+  [aj  -  Ae  exp-  I J  . 

Neglecting  the  small  tem  of  equation  (23) 

^iexpl^Bgexpl+B^expV  .  (24) 

Equation  (24)  contains  the  constant  uiilmovn  factor  E^.  solve  this 
equation  for  the  slope  cozistant  m,  a  second  equation  is  needed.  !Qiis 
equation  can  be  obtained  by  differentiation  of  equation  (24), 

+  ^  exp  V.  ^  (25) 

Using  equation  (24)  and  (25)  to  eliminate  the  taaknown  factor,  £^, 

%  +  exp  V 

%  ^  •  (26) 

Assuming  m  Is  independent  or  almost  Independent  of  V,  equation 
(26)  becomes: 


exp  Y 
2 


% 


+  exp  V 
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(27) 


Oie  tern  Bq  exp  Y  represents  the  base  current  caused  by  surface 

lealcage  and  space-charge  recombination,  and  the  tezm  Eb  exp  V  is  the  base 
current  caused  by  'surface  recoDbinatlon,  bulk  recombination  and  the  majority 
carrier  flow  into  the  emitter,  The  ratio  of  both  current  components  chaume- 
terlzes  the  kind  of  base  current. 


%  eip  Y 
B3  exp  V 
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(29) 


aibstltuting  equation  (29)  Into  eqjoatlon  (27)  gives  a  simple  expression 
for  m:  2. 

i  «  2"  ^ 

n  ■  ,  _ 
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or 

afU  n  1  . 

-!L+  1 

2  (3C) 

!Ihe  slope  constant  m  Is  plotted  as  a  function  of  t)  In  Fig.  9< 

At  once  a  method  of  isolating  vbich  stirface  effects  are  predominant 
in  a  given  transistor  suggests  Itself.  If  the  values  of  m  are  plotted  on 
Fig.  9  for  different  current  levels  the  t)  values  are  readily  obtainahle. 

If  T)  is  less  than  one,  the  major  effect  is  surface  reccoblnatioa  at  hl^^ 
current  levels  and  emitter  space-charge  recoobinatien  at  lov  current  levels. 
If  the  values  of  are  greater  than  one,  the  major  effect  is  surface 
leakage  at  hi^  current  levels  and  emitter  space-charge  recoobinatlon  at 
lov  current  levels.  Ihls  technique  of  analysis  could  be  extremely 
valuable  in  analyzing  surface  passlvlzation  techniques  on  transistors  and 
could  prove  a  useful  tool  In  both  research  and  production  control. 

,  Fig.  10  shows  the  average  vedxies  of  m  plotted  for  planar  and  mesa 
structures  at  both  hi^  and  low  values  of  current.  It  is  seen  that  In 
planar  devices,  surface  recombination  plays  a  dominant  role  In  the  variation 
of  hro  (dc  current  gain)  at  hi£^  current  levels;  idille  at  low  crorrent 
levels,  surface  recombl^tloa  and  emitter  space-charge  recombination  are 
both  is^ortant,  with  emitter  space-charge  recombination  becoming  more  impor¬ 
tant  as  the  current  is  reduced  to  still  lower  values. 

Ih  the  double-diffused  mesa  transistor,  Cutler-Bath  leakage  current 
is  the  dominant  cause  of  tenq^erature-gain  variation.  At  very  lov  current 
levels,  a  cosibinatlon  of  both  the  Cutler-Bath  leakage  current  and  eailtter 
space-charge  reconblnatlmi  current  becomes  important,  vlth  the  esiitter 
space-charge  recombination  current  gradually  becoming  the  dominant  factor 
as  the  current  level  is  still  further  reduced. 

Teebnioue  of  Compensaticai 

It  has  long  been  known  that  planar  transistors  have  a  greater 
teotperature-gain  variation  than  geometrically  equivalent  mesa  structures. 

!Qie  reason  for  this,  it  was  found,  is  that  mesa  transistors  have  a  greater 
amount  of  leakage  current  than  plsmar  types,  and  this  extra  leakage 
current  serves  to  control  the  tenperature-galn  variation  of  the  mesa  transis¬ 
tor.  Also,  because  of  the  inherently  excessive  amounts  of  leakage  current, 
mesa  transistors .have  overall  lower  current  gains  than  equivalent  planar 
types.  Utilizing  this  conclusion,  it  seemed  apparent  that  the  solution  for 
controlling  the  current  gain  of  a  planar  transistor  would  Uj  in  introduc¬ 
ing  a  controlled  leakage  path  in  the  transistor. 

Ihe  approach  used  to  create  this  leakage  path  vas  the  Ineluslm  of  a 
diode  between  the  emitter  and  base  of  an  ordinary,  medium-power  HFR 
silicon  planar  transistor.  The  effect  of  this  diode  would  be  to  divert 
soBie  of  the  base  current  of  the  transistor,  thereby  effectively  lowering 
the  current  gain.  !Ihls  shunting  effect  would  becoate  increasingly  pre¬ 
dominant  as  the  tenperature  increased  so  as  to  offset  the  Inherent  increase 
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in  gain  of  the  transistor*  Since  the  inclusion  of  this  diode  vould.  effect* 
irely  reduce  the  curtual  current  gain  of  the  transistor,  as  veil  as  control 
the  gain,  special  hi^  gain  transistor  units  vere  produced  so  that  vhen  the 
diode  vas  introduced  the  overall  current  gain  of  the  transistor  vould  be 
a  reasonable  value.  !Ihe  actual  photographs  of  the  physical  struct\ire  of  the 
experimental  transistors,  along  vlth  a  pictorial  view,  are  shown  in  Figs. 

7  and  8. 

Experimental  Results 

Upon  receiving  the  experimental  transistor  models,  the  dc  current  gain 
vas  monitored  over  a  tegqperatiire  range  of  -2^C  to  lOO^C.  Althou^  the 
initial  specification  called  for  no  more  than  a  ten  percent  variation  of  . 
hpg  over  the  range  of  0°C  to  70°C,  experiments  were  conducted  to  observe 
bow  these  transistors  performed  beyond  the  teoperature  limits  tnposed  by  the 
original  specifications.  Figs.  1  and  2  show  the  variation  of  hpg  for  two  of 
these  experimental  devices  at  various  values  of  collector  current.  As  a 
control,  a  211702  transistor  vas  selected  to  show  the  tesQierature-gain 
variation  of  a  similar  type  of  coanercially  available  transistor.  Fig.  3 
shows  the  tesgierature  gain  variation  of  the  2H702  at  different  values  of 
collector  current.  Next,  the  nomallzed  current  gain  versus  tenperature 
(Figs.  4,  5  and  6)  vere  plotted  for  all  three  units.  For  these  normalized 
curves  only  the  normal  1  zed  current  gains  for  the  tvo  extreme  values  of 
collector  current  vere  used.  Ihls  vas  done  because  normalized  values  of 
current  gain  for  the  in-between  values  of  collector  current  lie  sonetdiere 
between  the  normalized  gains  of  the  highest  value  of  collector  current  used 
and  the  lowest  value  of  collector  crurent  used.  It  can  be  seen  from  these 
normalized  curves  that  the  experimental  transistors  offer  an  improvement 
in  gain  control  of  about  1^^.  Also,  the  experimental  models  offer  better 
than  the  ten  percent  coorpensatlon  called  for  by  the  original  specifications. 

CQNCLUSim 

Ihe  final  conclusion  of  this  study  Is  that  gain  can^oensation  in 
transistors  is  indeed  possible  and  that,  with  a  further  understanding  of  the 
transistor  structure  and  better  methods  of  building  and  controlling  sur¬ 
faces,  hl£^  gain  ten^rature-coo^nsated  devices  over  vide  current  ranges 
will  become  possible. 

BEFERENCE 

1.  USAELRDL  Contract  DA  36-O39  SC-87276,  "Temperature  Insensitive 
Transistor,"  May  1961-May  1962, 
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FIG.  8  AN  ISOMETRIC  PICTORIAL  OF  THE 

EXPERIMENTAL  HOFFMAN  TEMPERATURE 
INSENSITIVE  TRANSISTOR 
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